Abstract. We study the near-relativistic (NR; >30 keV) electron event observed on 2000 February 18 by the Advanced Composition Explorer spacecraft. Highly collimated pitch-angle distributions were observed during the first ∼2 h of the event. Roelof (2008) explained this event by assuming that the propagation of NR electrons is essentially "scatter-free" in the inner heliosphere and that beyond 1 AU, particles are "back-scattered" by magnetic field compressions and irregularities. We use Monte Carlo simulations to explore this approach. We fit observational sectored intensities to assure that the directional information contained in the data is used in full. We conclude that the event cannot be explained without assuming a backscatter region beyond 1 AU and that NR electrons propagated under weak-scattering conditions in the inner heliosphere.
INTRODUCTION
Pitch-angle distributions (PADs) of near-relativistic (NR; >30 keV) electrons that are highly collimated along the interplanetary magnetic field (IMF) during the rise-tomaximum phase of solar energetic particle (SEP) events have been interpreted as evidence that the NR electron propagation in the inner heliosphere can be (at least in some regions and under some circumstances) nearly "scatter-free" [1, 2, 3] .
In this paper we study the NR electron event observed by the Advanced Composition Explorer (ACE), which showed highly collimated PADs at its onset [2, 3] . A previous work [4] assumed that during this event NR electrons propagated "scatter-free" along the IMF lines connecting the source region at the corona with the observer but further out particles were "back-scattered" inward from beyond 1 AU by magnetic field compressions and irregularities [4] . In this approach the propagation is assumed not to be scatter-free beyond 1 AU. This approximation allows the inference of the injection history of the first-crossing solar electrons directly from the data without any propagation modeling by utilizing unidirectional intensities from two preferred directions (sunward and anti-sunward) and assuming that the in-going particles undergo mirroring and conserve their magnetic moment. 1 Now at the Space Sciences Laboratory, University of California, Berkeley, CA 94720, USA 2 Also at the Institut de Ciències del Cosmos, Universitat de Barcelona, 08028 Barcelona, Spain
Our goal is to re-examine the 2000 February 18 electron event, as observed by the LEFS60 telescope of the EPAM experiment on ACE [5] , using observational sectored intensities. We use a Monte Carlo transport model to simulate the propagation of SEPs along the interplanetary magnetic field [6, 7] . This allows us to explore different propagation scenarios and to test the assumptions made in studies like [4] .
In Section 2 we review the transport model and the fitting technique. Section 3 gives an overview of the results of deconvolving the directional intensities observed during the NR electron event. Section 5 summarizes the results.
THE MODEL

Interplanetary transport
We use a Monte Carlo model to simulate the interplanetary transport of SEPs injected at the root of an Archimedean spiral magnetic field line. The transport processes included are the following: particle streaming along the magnetic field lines, pitch-angle focusing by the diverging IMF, pitch-angle scattering by magnetic field fluctuations, adiabatic deceleration resulting from the interplay of scattering and focusing and solar wind convection [8, 9] . The results of the simulation give the directional distribution of particles at 1 AU, as a function of time and the energy range of interest (see [6] for details).
As initial condition we consider all particles to be injected instantaneously at two solar radii from the center 596 of the Sun. Thus, the results of the simulation are expressed in terms of Green's functions of particle transport. The energy spectrum of the solar source is described by a power law (dN/dE ∝ E −γ s ) with spectral index γ s , which is estimated from the observational data. In the solar wind frame, the pitch-angle diffusion coefficient can be expressed as D µ µ = ν(1 − µ 2 )/2, where ν is the scattering frequency and µ is the particle pitchangle cosine. We assume ν(µ) = ν 0 |µ| 1+|µ| + ε , where ε allows us to simulate different scattering conditions, from quasi-isotropic (ε ≥ 1) to fully anisotropic (ε = 0, totally decoupled hemispheres in the µ-space). The scattering rate, ν 0 , is determined from the mean free path parallel to the field λ || , or the radial mean free path λ r , which are related by λ r
where υ is the particle speed and ψ is the angle between the magnetic field and the radial direction [10] . We assume that the radial mean free path is constant, independent of the radial distance and energy, as proposed by previous works [11, 12] . Particle transport perpendicular to the magnetic field is neglected. We adapt the model to be able to differentiate two different transport regimes in the inner and outer heliosphere. We assume that in the inner heliosphere λ r = λ 1 . The back-scatter region is assumed to be located at r ≥ r bs (where r bs > 1 AU); in this region we assume isotropic scattering (ν(µ) = ν 0 ) and λ r = λ 2 . We vary r bs from 1.1 AU to 1.6 AU with steps of 0.1 AU and we also consider the case r bs = ∞.
Fitting sectored intensities
The goal is to solve the inversion problem of inferring the transport parameters (i.e. λ 1 , λ 2 and r bs ) and the injection time profile at the Sun from a set of in-situ measured sectored intensities I s (t), where I s (t) is the intensity measured at time t by sector s in a given energy channel. By taking into account the angular response of the sectors scanned by the LEFS60 telescope, we are able to transform the simulated pitch-angle distributions into sectored intensities measured by the telescope [6] . The modeled sectored intensities, M s (t; λ 1 , λ 2 , r bs ), in sector s can be written as
where q(t) -to be determined-represents the electron injection function and g s (t,t ′ ; λ 1 , λ 2 , r bs ) represents the contribution of an impulsive injection to the modeled intensities for a given sector s, at a given time t, when the injection of NR electrons took place at time t ′ . By taking into account the number of sectors of the telescope and discrete values of time, we determine the best-fit injection function by comparing the modeled intensities with the observations. Let b be the pre-event averaged background intensity and J i = I i − b, where i = 1, 2, ..., n numbers the observational points. We want to derive the m-vector q that minimizes the length of the n-vector J − M, that means minimizing the value of || J − M|| ≡ || J − g · q||, subject to the constraint that q j ≥ 0 ∀ j = 1, 2, ..., m, where j indexes the injection times. The best-fit injection function is taken to be a combination of m delta-function injection amplitudes at times t j . To solve this inversion problem and obtain the best-fit injection values, we use a non-negative least squares method [13] .
The best-fit transport parameters (λ 1 , λ 2 and r bs ) are determined by minimizing a goodness-of-fit estimator ζ = ∑ i (log J i − log M i ) 2 , which computes the sum of the squared logarithmic differences between the observational J i and the modeled M i sectored intensities in each energy channel. The calculation of the goodness of the fit is restricted to the time interval selected for the simulation. The goodness-of-fit estimator of the whole fit is obtained by adding the values obtained for each energy channel.
RESULTS
We use electron intensities measured by the LEFS60 detector (60 • to the spacecraft spin axis) of the EPAM experiment on board ACE in three energy ranges: E'2 (62-102 keV), E'3 (102-175 keV) and E'4 (175-312 keV) [5] . The LEFS60 telescope utilizes the spin of the spacecraft to define eight sectors [5] , such that particle anisotropy can be studied by comparing counting rates from each sector.
We study the NR electron event observed on 2000 February 18 by LEFS60 from 09:30 UT to 11:15 UT. During this period, there was a data gap in the coverage of the solar wind experiment on ACE. The solar wind speed observed by the Wind spacecraft ranged from 370 to 390 km s −1 . Thus, for the modeling of the event, we assume that the spacecraft was embedded in a 350 km s −1 solar wind stream. The IMF vector at ACE was very stable and each sector scanned roughly the same pitchangle cosine range. The pitch-angle cosine range scanned by the LEFS60 telescope was high (∼82 %) [14] .
The first NR electrons were detected above the preevent background at 09:32 UT in the E'4 channel. During the event, highly collimated PADs were observed [2, 3, 15] , e.g. the peak intensity observed in the sector scanning particles propagating from the Sun along the IMF direction was more than one order of magnitude higher than the peak intensity measured by the sector which mainly scanned electrons propagating sunward (see Figure 1 in [3] ). The maximum intensity was observed at 09:45/09:47/09:52 UT in the E'4/E'3/E'2 energy channels, respectively. The spectral index of the maximum spin-averaged differential intensities was γ max = 2.2. We can estimate an upper limit of the spectral index of the source, γ s , if we assume that the mean free path is independent of the energy and that the effects of adiabatic deceleration on NR electrons are negligible. If we assume υ ∝ E 1/2 for non-relativistic particles, then γ s = γ max + 0.5 = 2.7.
The NR electron event was associated with a C1.1 X-ray solar flare from approximately S16 W78 in the NOAA active region 8867 [16] . The 1-8 Å X-ray emission lasted from 09:21 to 09:38 UT, peaking at 09:27 UT. A type III radio burst was observed at 09:24 UT at 14 MHz [17] by the WAVES experiment on the Wind spacecraft [18] . The solar radio event included a series of type II radio bursts, first seen at 70 MHz around 09:24 UT, and lasting for more than 20 minutes [16] . A CME was also associated with this event, first seen by LASCO/C2 at 09:54 UT at 4.15R ⊙ , and propagating at 890 km s −1 according to the SOHO/LASCO CME Catalog [19] 3 . We simulate the event by considering two different propagation scenarios. In Scenario A we assume that there is no back-scatter region (i.e. it can be considered to be very distant from the observer r bs → ∞), the scattering is µ-dependent with ε = 0.01 and λ 1 ∈ [0.5, 1.5] AU. In scenario B we assume scatter-free propagation in the inner heliosphere (λ 1 → ∞) and λ 2 ∈ [0.01, 0.5] AU with the back-scatter region at r bs ∈ [1.1, 1.6] AU. The best-fit transport parameters for each scenario are listed in Table 1 . The NR electron event cannot be explained assuming an Archimedean IMF and no backscatter region beyond 1 AU (scenario A) because the intensities measured by those sectors that scan particles propagating sunward cannot be satisfactorily reproduced (see Figure 1) . If we assume scatter-free propagation in the inner heliosphere and a back-scatter region beyond 1.1 AU with λ 2 = 0.02 AU (scenario B), the fit succeeds in better reproducing the observed sunward intensities (see Figure 2) . However scenario B cannot explain the intensities observed by those sectors scanning mainly particles with 0 ≤ µ < 1, because the PADs predicted by the model at 1 AU are too collimated along the IMF vector. This result suggests that the propagation of NR electrons in the inner heliosphere was not purely scatterfree but they suffered weak pitch-angle scattering. The best-fit injection profile inferred for scenario B begins at ∼09:20 UT and lasts at least 1.5 hours, peaking at 09:31 UT, that is a 4 min delay between the beginning of the injection and the timing of the metric and decametric radio bursts, which started at the Sun at 09:16 UT. If the observed CME propagated radially with a constant speed of 890 km s −1 , it would have been located at ∼2R ⊙ at the beginning of the electron injection.
We believe that more simulations are needed to correctly reproduce the observed sectored intensities and obtain more information about the scattering conditions in the inner heliosphere. This would allow us to obtain a better estimation of the electron injection profile, revisit the delays between the electron injection and the observed radio bursts and CME, and thus provide more information about the solar source injecting NR electrons into interplanetary space during this event.
SUMMARY AND CONCLUSIONS
We have investigated the hypothesis that the propagation of NR electrons can be, in some cases, essentially "scatter-free" in the inner heliosphere and that beyond 1 AU, particles can be "back-scattered" by magnetic field compressions and irregularities. We have used a Monte Carlo transport model to explore this approach by simulating two transport regimes along an Archimedean IMF: (1) a large radial mean free path (λ r > 0.5 AU) and anisotropic scattering in the inner heliosphere, and (2) a small radial mean free path (λ r < 0.5 AU) and isotropic scattering in the back-scatter region.
We have applied the model to the 2000 February 18 electron event observed by the ACE spacecraft. We find that the PADs observed during this event cannot be explained without assuming a back-scatter region beyond 1 AU.
